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Post stress neurovascular responses induced by physical and mental stress are poorly understood. We
investigated the time course of cardiovascular and autonomic recovery, induced by orthostatic and mental
challenge, using passive head up tilt (HUT) and mental arithmetic (MA), respectively, when applied singly
(MA, HUT) or in combination (MA+HUT). Fifteen healthy males participated in three protocols: HUT, MA
and combined MA+HUT, with sessions randomized and 2 weeks apart. Post stress responses were studied
in the ﬁrst 10 min (early; cardiovascular only) and 30 min (late), in 2.5 min epochs. A detailed analysis of
early period was done in 30s epochs. Within the ﬁrst 2.5 min recovery, time courses of heart rate, stroke
volume and cardiac output differed signiﬁcantly, particularly when comparing HUT vs. MA and MA+HUT vs.
MA. Additionally, heart rate response differed in HUT vs. MA+HUT. No differences in hemodynamic
recovery were seen during the next 2.5 min. Late responses of heart rate and cardiac output showed
signiﬁcantly lower values as compared to baseline, especially for HUT and MA+HUT. Recovery of
hemodynamic responses, either due to single or combined stress challenges, showed stressor- and time-
dependent patterns. Our data provide useful information regarding why longer recovery periods must be
assessed and provide novel insights regarding recovery of physical and mental stressors. This may have
clinical implications in the development of cardiovascular diseases such as hypertension or myocardial
ischemia.
1. Introduction
In recent years, physiological recovery after stressors has gained
recognition as a decisive element in theories that explain the link
between stress and disease, speciﬁcally cardiovascular disease (e.g.
Pieper, 2005 #1930}). Nevertheless, as opposed to the conventional
reactivity hypothesis that emphasizes responses during stressors
(Lovallo and Gerin, 2003), to date only a small proportion of research
has explicitly addressed the issue of recovery (Chida and Hamer,
2008; Linden et al., 1997; Papousek et al., in press; Pieper and
Brosschot, 2005). Among other things, this may be due to the fact that
relatively little is known about the behavior of different physiological
variables after termination of a stressor (Linden et al., 1997). For
instance, little detailed information regarding different time courses
of physiological variables is available to date, and it has not been
investigated in detail whether recovery of cardiovascular and
hypothalamic pituitary adrenal (HPA) activities might not only differ
in duration, but also in their time courses during the ﬁrst fewminutes.
In addition, as the regulation mechanisms during psychological
stressors are fundamentally different from those during physical
stressors (Berntson et al., 1994; Cacioppo et al., 1994; Lovallo, 1997;
Sawchenko et al., 2000), their time-dependent behavior during
recovery, too, may differ. Moreover, many people are subjected to
combinations of physical and psychological stress in their working
lives (e.g., Corneil et al., 1999). The combination of stressors has not
beenwell examined, yet. While there are some studies on reactivity to
combined stressors (Durocher et al., 2009;Webb et al., 2008), detailed
analysis of the pattern of recovery has been rare to date.
Recovery of physical stress induced responses, particularly fol-
lowing exercise, has been documented (Freeman et al., 2006). The
recovery of neurovascular responses following orthostatic stress,
however, has been sparsely reported. Knowledge of typical time
courses is relevant, for instance, to the selection of appropriate time
windows for the analysis of recovery processes. Thus, there seems to
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be a relative lack of basic research on the issue of physiological re-
covery altogether.
Although responses to acute stress in the laboratory are not of
clinical importance in themselves, they may index the way that
individuals respond to ordinary psychological demands in daily life,
and accumulation of inadaptive responses may eventually have
pathophysiological signiﬁcance (Chida and Hamer, 2008). This was
shown in prospective studies; late heart rate recovery, for instance, was
associated with higher carotid atherosclerosis 2 years later (Heponiemi
et al., 2007). Meta-analyses showed that dispositional negative affect, a
well-recognized factor for the development of coronary artery disease
(Frasure-Smith and Lesperance, 2005; Kubzansky et al., 2005), is
associated with poor cardiovascular recovery, independently of reac-
tivity (Chida and Hamer, 2008). Thus, inefﬁcient recovery may
eventually result in unfavorable physical sequelae. On the other hand,
the observation of bradycardia below pre-stimulus levels after the
removal of mental challenge (Callister et al., 1992) might also have
cardiological implications, becausemyocardial infarction often occurs at
low heart rates (Deanﬁeld et al., 1984). In this connection, it seems
relevant to also describe typical patterns of recovery in young and
healthy individuals. We believe that the rate of recovery to these
orthostatic and mental challenges may have practical implications,
particularly in the treatment, prognosis and outcome of patients with
cardiovascular diseases and myocardial ischemia.
The mechanisms of cardiovascular regulation have been reported
to be different under orthostatic and mental stress. We hypothesized
that a different pattern of early term recovery responses between
these stressors, when done singly or in combination, would be seen. In
addition, we hypothesized that cardiovascular responses would not
return to baseline for prolonged periods following the stress
applications and that the effects of these stressors would continue
up to at least 30 min.
We investigated the time course of recovery of the cardiovascular
(early and late) and autonomic (late) responses, induced by orthostatic
and mental challenge, when applied singly or in combination. Par-
ticipantswere drawn from our previous study (Lackner et al., in press in
which we studied reactivity responses to HUT, MA and MA+HUT. In
this companion paper, we investigated the recovery responses,
particularly as there is evidence that hemodynamic responses due to
stressors (in other words, physiological mechanisms activated during
stress) may not be the same as recovery patterns (Gregg et al., 1999).
The responses analyzed include heart rate, stroke volume, cardiac
output, blood pressures and autonomic activity. In most studies,
recovery was followed for 5–10 min only (Boutcher et al., 2001; Gregg
et al., 1999). Individual differences in recovery atmoreextendedperiods
are probably even more relevant to possible health related effects than
those very shortly after the stressor (Gregg et al., 1999). To our
knowledge, only one study has examined the post stress responses for
longer than 10 min (Steptoe et al., 2003). As considerable individual
differences in cardiovascular recovery can bewell expecteduntil 10 min
after termination of the stress situation (Key et al., 2008; Linden et al.,
1997), we obtained measures of cardiovascular recovery for 30 min
after termination of the stress.
2. Methodology
2.1. Participants
We focused on healthymenwhose age and physical characteristics
were homogeneous because gender, age and athletic training may
affect orthostatic stress responses (Goswami et al., 2008). Participants
abstained from coffee and other stimulants for 2 days before the test
sessions, as well as unusual exercise activities in the week prior to the
study. The study was carried out in 15 healthy, non-obese, non-
smoking, non-medicated Caucasian men of moderate physical ﬁtness,
free from any somatic or mental condition (25±3 years, 73±7 kg,
180±7 cm, supine resting heart rate 60±6 bpm; mean±SD). Each
participant was paid 40 Euro per session.
Participants were familiarized with the test protocol and gave
written informed consent to participate in the study. The study was
approved by the Graz University Ethics Board and was performed in
accordance with the 1989 WMA Declaration of Helsinki.
2.2. Study design
We used a symmetric, crossover within-subjects design and the
participants were randomly allocated to each protocol. The partici-
pants served as their own control. We asked participants to abstain
from coffee and other stimulants for 2 days before the test sessions.
Every day two participants did one of the three protocols (at 9–11
AM;11AM–1 PM). The protocolswere randomized, open and separated
by 2 weeks: a) head up tilt (HUT) alone, b) mental arithmetic (MA) in
supine position and c) MA+HUT. Stress application was for 10 min in
all the protocols.
The test was carried out in a semi-dark and quiet room,maintained
at 24 °C and humidity at 55%.
2.3. Protocol HUT
The orthostatic challenge was provided for 10 min by HUT. A
30 min supine rest preceded each experiment. At minute zero, the tilt
table was brought to 70° head-up position and after 10 min the table
was returned to supine position. During the test participants were
supported by an adjustable footrest and were instructed to avoid
undue movements of the lower limbs and to breathe normally.
Since the aim of the experiment was to induce orthostatic stress
without inducing syncope, the protocol was terminated if any of the
following occurred (Goswami et al., 2009b): a) blood pressure fell
below systolic 80 mm Hg, or that it dropped rapidly (systolic by
≥20 mm Hg/min and diastolic by ≥10 mm Hg/min), or heart rate
dropped by ≥15 bpm; and b) lightheadedness, dizziness, visual dis-
turbances, nausea, stomach awareness, clammy skin, excessive
sweating, or skin pallor. However, all participants went through all
the protocols with no problems.
2.4. Protocol Supine MA
MA was provided by mental arithmetic. Participants added or
subtracted continuously the numbers 6 or 7, randomly, from a 2 or 3
digit number while lying supine. A new number was provided every
5 s to add or subtract from on a computer screen ﬁxed at the eye of
participants.
At the beginning of the selection process, participants were
informed about the three protocols; however, participants were not
notiﬁed in advance which protocol they would encounter on a given
test day. During theirﬁrst visit, the participantswere familiarizedwith
the laboratory, personnel and equipment. They received standardized
verbal instructions about the protocol, tasks, and computer adminis-
tered mental arithmetic at the beginning of the ﬁrst session. Parti-
cipantswere told to solve the tasks as accurately and as fast as possible
and that their answers were recorded. A timer applied additional
pressure. Halfway through the mental arithmetic, they were asked to
answer more correctly, irrespective of their correct answers. These
procedures were designed to help reduce adaptation to the stress
condition. No external feedback regarding performance during the
mental arithmetic was provided during the study.
2.5. MA+HUT protocol
MA was started immediately upon assumption of the upright
posture (HUT), and was ended when subject returned to supine
position.
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2.6. Self reported measures
Emotional status was assessed on arrival at the laboratory using
the State–Trait anxiety inventory (STAI) (Laux et al., 1981) and the
General Depression scale (ADS) (Hautzinger and Bailer, 1993).
Performance (mistakes made) on the MA task was assessed and
ratings of perception of stress (PSS), shortly before commencing the
challenges and retrospectively at the end of MA, HUT and MA+HUT
were done using a 5 point Likert scale (1: not stressful; 5: extremely
stressful).
2.7. Recording physiological stress responses
The baseline data were collected for 30 min with the participants
in supine position. During baseline the participants were requested to
relax without falling asleep. After the stress period, physiological data
were recorded for 45 min.
Hemodynamic monitoring included blood pressure (upper arm
oscillometry and ﬁnger plethysmography), heart rate (HR) (3-lead
ECG), and thoracic impedance measurements using a Task Force
Monitor® (TFM, CNSystems, Graz, Austria). For the variables related
to impedance cardiography, beat-to-beat values computed by the
TFM®were used. Thoracic impedance Z0(t) and impedance variation
dZ(t)/dt were used to calculate beat-to-beat stroke volume based on
an improved Kubicek approach and cardiac output. Total peripheral
resistance (TPR) was calculated as 80×mean arterial blood pres-
sure/cardiac output (Gratze et al., 1998). TFM® ECG/impedance
electrodes were positioned at the neck and thoracic regions, the
latter at the midclavicular line at the xiphoid process level (Fortin
et al., 2006).
A power spectrum analysis of heart rate variability assessed
sympathovagal balance (Hilz and Dutsch, 2006). Low (LF: 0.04–
0.15 Hz) and high frequency (HF: 0.15–0.40 Hz) power components
of RR-intervals (RRI), were evaluated: HFrri (HF-HRV) is primarily
mediated by parasympathetic modulation whereas LFrri (LF-HRV) is
affected by both parasympathetic and sympathetic activities (Pagani
et al., 1997; Stauss, 2003). Furthermore, we calculated the ratio of LF/
HF, which is an indicator of sympathovagal balance.
2.8. Statistical analysis
Using typical cardiovascular changes during orthostatic loading
fromprevious studies (Goswami et al., 2009a;Hinghofer-Szalkay et al.,
2008), error probability (α) of 0.05 and power (1−β) of 0.80, we
estimated the number of participants required to be 15. Each protocol
lasted for 75 min.
To assess differences in the time course of recovery responses
elicited by different stressors, we analyzed the last 2.5 min part of
stress application (stress) and the ﬁrst 10 min of post stress (early
term), in 2.5 min epochs (Recovery1, Recovery2, Recovery3, and
Recovery4). A detailed analysis of early term period was done in 30s
epochs (Recovery1: T1 to T5; Recovery2: T6 to T10; Recover3: T11 to
T15; and Recovery4: T16 to T20). To assess if there was a difference in
the recovery phases in comparison to baseline, late effects (30 min
post stress) were analyzed (Recovery8: 17.5 to 20 min; and
Recovery12: 27.5 to 30 min).
To evaluate the differences in early recovery after stress application
induced by MA and HUT (2.5 min epochs), 5×3 analyses of variance
(ANOVAs) were conducted, with phase (stress, Recovery1, Recovery2,
Recovery3, and Recovery4) and protocol (HUT only, MA+HUT, Supine
Table 1
Absolute values of hemodynamic responses (mean±SD) of participants across the protocols assessed in the last 2.5 min part of stress application (stress) and the ﬁrst 10 min of post
stress (early term period), in 2.5 min epochs (Recovery1, Recovery2, Recovery3, and Recovery4). A detailed analysis of early term period, done in 30s epochs (Recovery1: T1 to T5;
Recovery2: T6 to T10; Recovery3: T11 to T15; and Recovery4: T16 to T20), is also shown. HUT: head up tilt; MA+HUT: mental arithmetic and head up tilt; MA: supine mental
arithmetic; Recovery1 refers to ﬁrst 2.5 min, etc.
Stress Recovery1 Recovery2 Recovery3 Recovery4 Recovery9 Recovery12
Head rate (bpm)
HUT 81.0±11.2 62.0±8.7 56.1±7.0 55.9±6.5 55.5±7.2 57.6±7.0 58.7±7.7
MA 72.1±111 68.8±8.6 65.1±7.4 63.3±6.9 62.6±7.8 63.7±7.5 63.6±6.8
MA+HUT 91.2±8.4 67.2±8.0 59.5±7.3 59.0±8.1 60.0±7.0 61.3±7.2 60.6±6.5
Stroke volume (ml)
HUT 71.3±8.3 112.4±11.5 116.7±10.4 111.7±14.1 108.9±15.3 103.1±16.8 101.6±16.5
MA 99.5±16.1 101.1±16.6 102.7±15.6 102.4±14.7 101.9±14.7 99.0±16.9 96.8±15.8
MA+HUT 68.9±6.9 111.8±11.8 111.5±11.4 106.4±15.3 103.0±15.9 98.5±17.2 100.4±15.8
Cardiac output (l/min)
HUT 5.7±0.8 6.9±1.2 6.6±1.2 6.2±1.1 6.0±1.2 5.9±1.2 5.9±1.2
MA 7.1±1.5 6.9±1.4 6.7±1.2 6.5±1.2 6.4±1.2 6.3±1.3 6.1±1.2
MA+HUT 6.2±0.8 7.4±1.1 6.6±0.9 6.2±0.9 6.1±0.9 6.0±1.1 6.1±1.0
Systolic blood pressure (mmHg)
HUT 118.5±11.6 1221±9.8 121.6±10.3 121.2±1111 1199±119 116.1±12.1 116.9±12.6
MA 128.7±12.8 125.7±11.5 123.7±11.4 124.2±13.6 123.2±13.2 118.4±11.8 121.3±9.3
MA+HUT 127.9±18.8 132.9±15.9 127.5±12.7 124.5±9.8 123.1±9.2 120.4±10.1 121.0±11.2
Mean arterial pressure (mmHg)
HUT 91.5±11.9 88.5±10.4 86.8±9.9 87.1±10.1 86.6±11.4 87.3±10.6 87.4±10.5
MA 97.7±11.6 94.4±10.8 92.5±10.0 92.9±11.3 92.1±11.2 88.1±10.9 90.7±7.9
MA+HUT 100.8±14.7 98.6±10.6 94.0±10.2 92.5±9.2 92.0±8.5 91.3±10.4 91.8±11.6
Diastolic blood pressure (mmHg)
HUT 76.9±10.3 70.8±9.2 69.1±8.2 70.0±8.2 70.1±9.6 73.5±9.4 73.0±9.8
MA 81.7±11.3 78.9±11.0 78.0±10.0 78.5±10.9 78.0±11.2 74.8±10.6 77.6±71
MA+HUT 87.0±13.0 81.3±9.1 77.3±10.1 76.8±9.9 76.7±9.7 76.8±10.0 77.3±10.5
Total peripheral resistance (dyn s/cm5)
HUT 1275±288 1041±269 1066±258 1124±269 1160±306 1196±286 1191±287
MA 1129±345 1116±322 1126±297 1159±298 1174±334 1147±314 1197±274
MA+HUT 1286±282 1070±227 1134±219 1181±203 1196±213 1230±289 1225±299
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MA) as within-subjects factors, and the cardiovascular measures as the
dependent variables, followed by post hoc tests (Tukey's Honestly
Signiﬁcant Difference, HSD). Addition 5×3 analyses of variance
(ANOVAs), with phase (recoveryT1−T5 and recoveryT6–T10) and protocol
as within-subjects factors were conducted to observe recovery
responses of the stressors with higher time resolution of 30 s. The
multivariate approach to repeated measures analyses was used in case
of violation of the sphericity assumption,which allows valid tests under
nonsphericity conditions (Vasey and Thayer, 1987).
To evaluate the differences in late recovery after stress application
induced by MA and HUT, 4×3 analyses of variance (ANOVAs) was
conducted, with phase (baseline, recovery4, recovery8, recovery12)
and protocol (HUT only, MA+HUT, Supine MA) as within-subjects
factors, and the cardiovascular and autonomic responses as the de-
pendent variables, followed by post hoc tests (Tukey's Honestly Sig-
niﬁcant Difference, HSD). A natural logarithmic transformation was
applied to the LF, HF and sympathovagal balance (LF/HF) data, as their
distribution was skewed.
For comparing emotional stress (ADS, STAI) between the
protocols, ANOVA for repeated measurements were used. The non-
parametric Friedman test was used to analyze perception of stress
(PSS) between the baselines of the protocols. Similarly, the dif-
ference in PSS between during- and beginning of the protocols was
compared.
3. Results
3.1. Early term period (Table 2)
Means and SD of hemodynamic variables during early term period
are shown in Table 1.
Results presentation (below) is sequential: beginning with main
effects and followed with the interaction. Results are shown ﬁrstly in
2.5 min blocks and then detailed in 30s epochs.
HR and DBP differed between protocols when comparing the last
quarter of stress until 10 min post stress. The analysis for a higher
(30 s) time resolution indicated a signiﬁcant main effect of protocol on
HR, SV, cardiac output and diastolic BP in the ﬁrst 2.5 min of recovery.
The main effect of protocol holds for HR, SV and DBP in the second
quarter (from 2.30 min to 5:00 min of recovery).
The 2.5 min time resolution analysis showed a signiﬁcant main
effect of phase on HR, SV, CO, SBP, MAP, DBP and TPR. Analysis with
the higher time resolution of 30 s revealed a signiﬁcant main effect of
phase on HR, SV, CO, SBP, MAP and DBP in the ﬁrst 2.5 min of recovery.
The main effect of phase holds for HR and CO in the second period
(2.30 min to 5:00 min).
For a time resolution of 2.5 min the interaction phase×protocol
proved to be signiﬁcant for HR, SV and CO. Detailed analysis of the
interactionphase×protocolwithhigher time resolutionof 30 s revealed
a signiﬁcant effect for HR, SV and CO in ﬁrst 2.5 min of recovery. No
signiﬁcant effect was seen in the following 2.5 min. (Table 2).
Post hoc tests indicated no differences in the baseline of all car-
diovascular variables. The post hoc tests with time resolution of
2.5 min for main effect phase indicated a signiﬁcant HR decrease from
stress to recovery1 and from recovery1 to recovery2 in HUT, MA+HUT
and MA (Fig. 1a).
The post hoc tests with the time resolution of 2.5 min for the main
effect phase showed, that TPR decreased signiﬁcantly from stress to
recovery1 in protocol HUT and MA+HUT. Whereas in HUT no
signiﬁcant differencewas seen between the other phases, the increase
in protocol MA+HUT from recovery1 to recovery2 was, however,
signiﬁcant (Fig. 1b).
Table 2
Statistical analysis of hemodynamic variables across protocols.
Stress, Recovery1, Recovery2,
Recovery3, Recovery4
Recovery1:T1, T2, T3, T4, T5 Recovery2:T6, T7, T8, T9, T10
Heart rate (bpm)
Protocol F(2,13)=5.2 p=0.021 F(2,13)=5.2 p=0.022 F(2,13)=8.3 p=0.005
Phase F(4,11)=57.6 pb0.001 F(4,11)=45.2 pb0.001 F(4,11)=4.5 p=0.021
Interaction F(8,7)=13.8 p=0.001 F(8,7)=7.9 pb0.007 F(8,7)=0.2 p=0.982
Stroke volume (ml)
Protocol F(2,13)= 1.9 p=0.182 F(2,13)=5.0 pb0.024 F(2,13)=5.7 p=0.017
Phase F(4,11)=90.6 pb0.001 F(4,11)=56.3 pb0.001 F(4,11)=2.0 p=0.170
Interaction F(8,7)=43.7 pb0.091 F(8,7)=20.3 pb0.001 F(8,7)=3.1 p=0.077
Cardiac output (I/min)
Protocol F(2,13)=0.6 p=0.587 F(2,13)=4.8 p=0.027 F(2,13)=0.3 p=0.761
Phase F(4,11)=19.7 pb0.601 F(4,11)=9.2 p=0.002 F(4,11)=7.2 p=0.004
Interaction F(8,7)=4.2 p=0.037 F(8,7)=14.6 p=0.001 F(8,7)=0.9 p=0.558
Systolic blood pressure (mmHg)
Protocol F(2,13)=1.9 p=0.188 F(2,13)=1.3 p=0.308 F(2,13)=0.5 p=0.633
Phase F(4,11)=4.1 p=0.029 F(4,11)=7.0 p=0.005 F(4,11)=1.0 p=0.448
Interaction F(8,7)=3.1 p=0.076 F(8,7)=3.4 p=0.064 F(8,7)=1.7 p=0.261
Mean arterial pressure (mmHg)
Protocol F(2,13)=3.8 p=0.051 F(2,13)=3.6 p=0.056 F(2,13)=3.6 p=0.056
Phase F(4,11)=13.8 pb0.001 F(4,11)=9.3 p=0.002 F(4,11)=0.8 p=0.567
Interaction F(8,7)=0.6 p=0.760 F(8,7)=1.1 p=0.446 F(8,7)=0.7 p=0.658
Diastolic blood pressure (mmHg)
Protocol F(2,13)=7.8 p=0.606 F(2,13)=8.2 p=0.005 F(2,13)=9.2 p=0.003
Phase F(4,11)=12.6 pb0.001 F(4,11)=11.6 p=0.001 F(4,11)=0.8 p=0.575
Interaction F(8,7)=22 p=0.160 F(8,7)=2.4 p=0.129 F(8,7)=0.6 p=0.775
Total peripheral resistance (dyn s/cm5)
Protocol F(2,13)=0.5 p=0.594 F(2,13)=2.3 p=0.140 F(2,13)=2.4 p=0.126
Phase F(4,11)=9.5 p=0.001 F(4,11)=3.4 p=0.050 F(4,11)=1.8 p=0.195
Interaction F(8,7)=2.9 p=0.090 F(8,7)=1.5 p=0.316 F(8,7)=0.4 p=0.869
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The post hoc tests with the time resolution of 2.5 min for themain
effect phase showed, that the MAP decreased signiﬁcantly from
stress to recovery1 in protocol HUT and supine MA whereas in
protocol MA+HUT the MAP decreased signiﬁcantly from Recovery1
to Recovery2. No signiﬁcant differences for the periods RecoveryT1–5
and RecoveryT6–10, were seen in the time course of MAP (interaction
phase×protocol for HUT, MA+HUT and supine MA) (Fig. 2a).
Post hoc tests with time resolution of 2.5 min for the main effect
phase showed that DBP decreased signiﬁcantly from stress to
recoveryT1 in all protocols (Fig. 2b).
Fig. 3 depicts HR, SV and TPR recovery responses for the period
330s (last 30s of stress and ﬁrst 300s of recovery) across stressors.
Commencements of recovery periods are shownon the right hand side
of the cube; behavior of these cardiovascular recovery responses can
be followed continuously (circles depict 30s intervals). The shadowed
area andhatchmarks at the bottomof theﬁgure panel represent stroke
volume and heart rate, from which cardiac output can be calculated.
When cardiac output is seen in relation to the other variable in the
cube (total peripheral resistance) the mean arterial pressure can be
obtained, according to the relationship: MAP∼TPR×SV×HR.
Fig. 1. Time courses of heart rate and total peripheral resistance responses of all the participants for 30 s intervals. a: Relative time course of heart rate (HR) recovery responses in
relation to baseline. T1–5: 30s epochs in recovery1; T6–10: 30s epochs in recovery2. Post hoc tests (for 30 s periods) for the main effect phase showed that HR decreased for HUT
(T2−T1=−8.1±5.0 bpm, pb0.001; T3−T2=−2.2±4.3 bpm, pb0.05 and T4−T3=−2.9±4.5 bpm, pb0.001) and MA+HUT (T2−T1=−7.5±4.8 bpm, pb0.001; T3−
T2=−5.7±3.0 bpm, pb0.01 and T4−T3=−2.0±3.2 bpm, pb0.05). Additionally, interaction phase×protocol indicated differences in time response of HUT vs. MA+HUT
(pb0.05), HUT and MA (pb0.001) and MA+HUT vs. MA (pb0.001) in the ﬁrst 2.5 min of recovery (RecoveryT1–5). b: Time course of total peripheral resistance (TPR) recovery
responses.
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3.2. Late recovery (Table 3)
Table 3 shows relative changes in hemodynamic and autonomic
variables in relation to baseline (mean±SD) for the period late
recovery.
Main effect of protocol showed signiﬁcant response in HR only.
For the main effect of phases HR, SV, CO, SBP, MAP, TPR, LF
component and LF/HF of HR variability showed differences between
baseline and overall recovery period (Recovery4,8,12). During this
period, the interaction (behavior of these responses) did not show any
difference.
Overall, perception of stress (PSS) increased in response to mental
challenge but postural changes did not affect stress perception. More-
over, no signiﬁcantdifferenceswere seen in themistakesmade between
the mental arithmetic sessions or in the emotional states (ADS and
STAI), which were separated by 2 weeks.
4. Discussion
Application of single or combined stress challenges led to stressor-
and time-dependent cardiovascular recovery responses. In this study,
the main differences between cardiovascular recovery responses after
single vs. combined stress, particularly heart rate, stroke volume and
cardiac output, were seen in the ﬁrst 2.5 min following stress
termination. In the late recovery period, cardiac output was below
pre-stress levels. Our ﬁndings conﬁrm that stress effects continue for
Fig. 2. Blood pressure responses. a: Time course of mean blood pressure (MAP) recovery responses. b: Time course of diastolic blood pressure (DBP) recovery responses. Only in
protocol MA+HUT was the decrease in DBP from Recovery1 to Recovery2 signiﬁcant.
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at least 30 min after the stress application is over and provide in-
formation on the recovery phase after mental vs. orthostatic challenge
when applied singly or in combination. The underlying mechanisms
in the rate of recovery may have implications for the development,
recovery and outcome of cardiovascular diseases.
4.1. Early term recovery
The time course of heart rate was different between stressors in
the ﬁrst 2.5 min of recovery, despite having different heart rate re-
activities. Exponential decreases in heart rate following termination of
physical activity have been previously shown (Freeman et al., 2006).
Differences in the time courses of the stroke volume responses were
seen in the ﬁrst 2.5 min when comparing mental challenge with
orthostatic challenge or combinations of both. This is not surprising as
posture changes, present in orthostatic and combined protocol, are
associated with reductions in stroke volume (Goswami et al., 2009c).
Upon resumption of the supine posture, and as shown in the initial
recovery phase, the increases in stroke volume could be attributed to
increased venous return. These differences in recovery of heart rate
and stroke volume (Fig. 1a; Table 1) affected the time course of
cardiac output response for periods up to 10 min. This implies that
when studying, for example, effects of mental challenge on orthostatic
responses longer recovery periods are required to observe the dif-
ferences in the recovery time courses of these stressors. This may
probably explain the contrasting results obtained by other studies.
On the other hand, blood pressure variables (mean arterial pres-
sure, diastolic and systolic) showed no differences in the time courses
of recovery between the protocols. This conﬁrms previous observa-
tions that arterial blood pressure is the primary regulated variable
during stress applications (Julius, 1988). When compared to stress
induced mean arterial pressure increases, the pressure levels were
lower in the recovery phase. However, average blood pressure
remained elevated above baseline values for the entire duration of
the recovery, as has previously been reported (Steptoe et al., 2003).
The average increases in diastolic pressure, above baseline values,
during the entire recovery period have clinical signiﬁcance (Fig. 1b):
late diastolic blood pressure recovery responses have been associated
with increased risk of hypertension (Borghi et al., 1986).
4.2. Late recovery
Heart rate decreases were seen at 10 min following stress termi-
nation for all the stressors. This conﬁrms bradycardia reported in
some studies following mental challenge (Callister et al., 1992)
(Steptoe et al., 2003). Since myocardial infarction often occurs at low
heart rates (Deanﬁeld et al., 1984), our ﬁndings have cardiological
implications.
Relative to baseline, stroke volume showed no differences at 10 min
following the stress terminations. However, 20 and 30 min following
stress termination, stroke volume was lower than the baseline. Taken
together in relation to heart rate changes, the cardiac outputwas lower in
orthostatic and combined protocols at 10 min. As the data in Tables 2
and 3 show, mental challenge induced stroke volume responses were
minimal and therefore contributed to the observed results in the cardiac
output. What is rather surprising is that cardiac output was lower at 20
and 30 min post stress application. What effects might this have on, for
example, renal or hepatic blood ﬂow, especially in persons with renal or
hepatic diseases? This could have important implications in prognosis of
chronic renal diseases or myocardial ischemia. Complimentary cerebral
blood studies are needed to observe if there is similar reduction in the
cerebral blood ﬂow.
During recovery, total peripheral resistance was higher than the
baseline for all the protocols, as has been previously reported (Gregg
et al., 1999)(Steptoe et al., 2003). This could be attributed to the
increased sympathetic activity (LF component of HR variability)
observed during this period. As the increased peripheral resistance
contributes to the maintenance of blood pressure (Goswami et al.,
2009c), it is not surprising that when comparing post stress effects of
different stressors, mean arterial and diastolic pressures were higher
after 10 min, particularly in the combined protocol. This also has clinical
application, as total peripheral resistance (increased in hypertensives)
responseshave been linkedwithmarkers of disease risk (Goldberg et al.,
1996). Moreover, the increased peripheral resistance—which leads to
increased after-load—has been associated with mental stress induced
myocardial ischemia in both normal healthy volunteers and persons
with coronary artery disease (see Strike and Steptoe, 2003).
The observed early as well as late responses after mental vs.
orthostatic stress were different, which was expected (Kamiya et al.,
2000). In particular, baroreﬂex function can be modulated by behavior/
mental challenge at relay sites in the medulla, pons and hypothalamus
(Stephenson, 1984). Indeed, the mechanisms of cardiovascular regula-
tion have been reported to be different in the two (orthostatic and
mental) forms of stress: cardiopulmonary baroreceptor unloading due
to central hypovolemia occurs with orthostatic stress while an increase
in central command and arterial baroreceptor loading is noticed under
mental stress (Sweene et al., 1995).
5. Conclusions
Recovery of hemodynamic responses, either due to single or com-
bined stress challenges, showed stressor- and time-dependent patterns.
Therefore, one cannot generalize recovery during challenges, as each
stressor seems to have different time courses of recovery of the
Fig. 3. Cubical representation of the moving average of heart rate (HR), stroke volume
(SV) and total peripheral resistance (TPR) (behavior of these hemodynamic responses)
for a period of 330s (last 30s of stress and ﬁrst 300s of recovery) across stressors.
Commencements of recovery periods are shown on the right hand side of the cube.
Circles depict 30s intervals. The shadowed area and hatch marks at the bottom of the
ﬁgure panel represent stroke volume and heart rate, from which cardiac output can be
calculated. When cardiac output is seen in relation to the other variable in the cube
(total peripheral resistance) the mean arterial pressure can be obtained, according to
the relationship: MAP∼TPR×SV×HR.
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cardiovascular responses. This may be attributed to the stressors
activating different regulatory mechanisms. In addition, our study is in
agreement with the concept that effects of the physical and mental
stressors induced hemodynamic responses (e.g. blood pressure and
total peripheral resistance increases) could add over the entire day
(‘carryover’) and predispose susceptible persons to hypertension
(Pieper and Brosschot, 2005).
Stress speciﬁc responses are, however, not only limited to the
recovery phase. For example, when comparing the reactivity of mental
tasks and static tasks differences are observed, partially attributed to
different adaptation processes (Seibt et al., 2001). We have also ob-
served that there are differences in initial responses to mental,
orthostatic and complex stressors (Lackner et al., in press).
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